ErbB2 overexpression in breast tumors results in increased metastasis and angiogenesis and reduced survival. To study ErbB2 signaling mechanisms in metastasis and angiogenesis, we did a spontaneous metastasis assay using MDA-MB-435 human breast cancer cells stably transfected with constitutively active ErbB2 kinase (V659E), a kinase-dead mutant of ErbB2 (K753M), or vector control (neo). Mice injected with V659E had increased metastasis incidence and tumor microvessel density than mice injected with K753M or control.
Introduction
Approximately 30% of breast cancer patients have tumors overexpressing ErbB2 (HER2/neu; ref. 1), a receptor tyrosine kinase in the epidermal growth factor receptor family (2) . Patients with ErbB2-overexpressing breast tumors have an increased incidence of metastasis and a poorer survival rate when compared with patients whose tumors express ErbB2 at normal levels (1) . Activation of ErbB2 is associated with increased receptor tyrosine kinase activity and tyrosine phosphorylation of the receptor (3, 4) . We previously showed that transfection of the erbB2 expression vector into the ErbB2 low-expressing MDA-MB-435 human breast cancer cells led to increased ErbB2 protein levels similar to that of endogenous ErbB2 in the SKBR3 human breast cancer cell line (5) and increased their intrinsic metastatic potential (6) .
Angiogenesis is a key component of cancer metastasis (7) . ErbB2-overexpressing breast tumors tend to be more angiogenic than other breast tumors (8) . Angiogenesis is tightly controlled under normal physiologic conditions; however, in pathologic diseases such as cancer, the fine balance between proangiogenic and antiangiogenic factors is disrupted (9) . One of the most potent inducers of angiogenesis is vascular endothelial growth factor (VEGF), which induces endothelial cell proliferation and migration (10) . VEGF expression in human breast cancers is correlated with increased microvessel density (11) and reduced survival (12) . ErbB2 has been implicated in the regulation of VEGF (13) . In human breast tumors, overexpression of ErbB2 is correlated with increased VEGF expression (14) and the transcription factor hypoxia-inducible factor-1a has been postulated to mediate the ErbB2 up-regulation of VEGF (15) .
P70S6 kinase (p70S6K) is a serine-threonine kinase that regulates protein translation (16) by directly phosphorylating ribosomal protein S6 (rpS6; ref. 17) , a subunit of the 40S protein complex involved in the translation of mRNAs that contain an oligopyrimidine tract at their transcriptional start site (18) . P70S6K lies downstream from the mammalian target of rapamycin (mTOR; ref. 19) . The mTOR/p70S6K pathway may be directly activated by Akt (20) or indirectly activated by Akt through the phosphorylation and inactivation of the tuberous sclerosis complex tumor suppressors (21) . mTOR/p70S6K can also be activated by phosphatidylinositol 3-kinase (PI3K)-3-phosphoinositide-dependent kinase-1 (22) and extracellular signal-regulated kinase (ERK; refs. 23, 24) . Although activation of p70S6K involves multiple phosphorylations on its serine and threonine residues, phosphorylation of threonine 389 (T389) by mTOR is critical for p70S6K activation and serves as a marker for mTOR activity (25, 26) . Deregulation of the mTOR/ p70S6K pathway may play an important role in cancer development as well as in many other diseases (27, 28) . Although ErbB2 has been shown to activate PI3K/Akt and ERK, which are upstream activators of mTOR/p70S6K, the role of mTOR/p70S6K in ErbB2-mediated cancer metastasis and angiogenesis remains elusive.
As described herein, we directly studied the effect of ErbB2 receptor tyrosine kinase and its downstream signaling pathways on metastasis and angiogenesis in human breast cancer cells. We compared the metastatic and angiogenic potentials of metastatic human breast cancer cells (MDA-MB-435; ref. 29) stably transfected with constitutively active ErbB2 kinase (V659E) or kinase-dead ErbB2 (K753M) and vector control (30) in vitro and in vivo. We also investigated the relationship between phosphorylated p70S6K-T389, ErbB2, and VEGF expression in human breast cancer specimens. Our data from cell lines, an animal model, and breast cancer patient samples show that ErbB2 activation leads to the translational up-regulation of VEGF and increased angiogenesis through ERK, PI3K/Akt, mTOR, and p70S6K.
Materials and Methods
Cells. Low ErbB2-expressing MDA-MB-435 human breast cancer cells were stably transfected to overexpress wild-type ErbB2 (435.eB1), a constitutively active ErbB2 kinase mutant (V659E), or a kinase-dead ErbB2 mutant (K753M). The mutant constructs were provided by Dr. Tadashi Yamamoto (Institute of Medical Science, University of Tokyo, Tokyo, Japan; ref. 31 ) and were subcloned into the pcDNA3 vector (30, 32) . MDA-MB-435 ErbB2 stable transfectants were selected with G418 (Geneticin; Life Technologies, Rockville, MD). The cells were maintained in high-glucose DMEM (DMEM/F12; Life Technologies, Inc., Grand Island, NY) with 10% fetal bovine serum (FBS; Invitrogen, Carlsbad, CA). Human umbilical vein endothelial cells (HUVEC) were purchased from the American Type Culture Collection (Manassas, VA) and maintained in F-12K nutrient mixture (Kaighn's modification; Life Technologies) with 10% FBS, 100 Ag/mL heparin (Sigma-Aldrich, St. Louis, MO), and 30 Ag/mL endothelial cell growth supplement (Sigma-Aldrich). The HUVECs were grown on tissue culture dishes coated with 0.5% gelatin.
Western blot analysis. Cells were treated as indicated with 10 nmol/L rapamycin (Cell Signaling Technology, Beverly, MA), 50 nmol/L wortmannin (Calbiochem, San Diego, CA), or 50 Amol/L PD98059 (Calbiochem) for 2 hours in serum-free, phenol red-free DMEM/F12. Cells were lysed with immunoprecipitation buffer [1% Triton X-100, 150 mmol/L NaCl, 10 mmol/L Tris (pH 7.4), 1 mmol/L EDTA, 1 mmol/L EGTA, 0.2 mmol/L sodium vanadate, 0.2 mmol/L phenylmethylsulfonyl fluoride, and 0.5% NP40 supplemented with a protease inhibitor cocktail from Sigma Aldrich]. Proteins were separated by SDS-PAGE, transferred to a nitrocellulose membrane (Bio-Rad, Hercules, CA), and probed with antibodies against phosphotyrosine (BD Biosciences PharMingen, San Diego, CA), h-actin (Sigma-Aldrich), ErbB2 (Ab-3; Oncogene Science, Inc., Cambridge, MA), and phospho-p70S6K-T389, p70S6K, phospho-Akt-S473, Akt, phospho-tuberin-T1462, tuberin, phospho-p42/44 mitogen-activated protein (MAP) kinase (MAPK)-T202/Y204, and p42/44 MAPK, all from Cell Signaling Technology.
Severe combined immunodeficient mouse spontaneous metastasis assay. MDA-MB-435, neo, eB1, V659E, or K753M breast cancer cells (1 Â 10 6 ) suspended in 0.15 mL Matrigel (BD Biosciences PharMingen) were injected into the mammary fat pad of 10-week-old female severe combined immunodeficient (SCID) mice (Harlan, Indianapolis, IN), 15 mice per group. At a diameter of 1 cm, tumors were removed from mice and the mice were humanely killed 42 days later. Their lungs were removed, injected with India ink, and examined for the presence of metastases (33) .
SCID mouse tumor microvessel density and immunohistochemistry. Xenograft tumors were collected from the mammary fat pad of SCID mice injected with the ErbB2 transfectants in the spontaneous metastasis assay and frozen in liquid nitrogen or fixed in 10% formalin. Tumor microvessel density was determined on 4 Am tumor sections with a rat antimouse CD31 antibody (BD Biosciences PharMingen). CD31 + structures were counted. Branching structures were counted as single vessels. Microvessel density was expressed as the average of number of microvessels per square millimeter.
Immunohistochemical staining of tumors was done as described previously (34) with antibodies against ErbB2 (Neomarker, Fremont, CA), phospho-p70S6K-T389 and phospho-Akt-S473 (Cell Signaling Technology), and VEGF (R&D Systems, Minneapolis, MN). Briefly, sections were subjected to heat-induced epitope retrieval in 0.01 mol/L citrate buffer (pH 6.0) and blocked with 5% bovine serum albumin (BSA) for 30 minutes at room temperature. Samples were then incubated with primary antibody for 1 hour at room temperature or overnight at 4jC. Immunodetection was done with the EnVision+ system (DAKO, Carpinteria, CA) followed by 3,3V -diaminobenzidine for color development and hematoxylin for counterstaining. Staining intensity was graded as described in the figure captions. Statistical analyses were done with 2 Â 2 contingency tables and MannWhitney tests, and P < 0.05 was considered statistically significant.
Conditioned medium. Cells (1 Â 10 6 ) were plated in 60 mm tissue culture plates, washed with serum-free, phenol red-free DMEM/F12, and incubated in serum-free, phenol red-free DMEM/F12 for 48 hours. The medium was collected and centrifuged at 3,500 rpm for 15 minutes to remove debris.
HUVEC migration assay. Polycarbonate membranes from 24-well, 8-Am-pore Transwell plates (Corning Costar, Corning, NY) were coated with 0.5% gelatin. Six hundred microliters of serum-free conditioned medium from the ErbB2 transfectants were placed into the bottom wells and 1 Â 10 4 HUVECs in serum-free DMEM/F12 were plated onto the upper chamber of each well. The plates were incubated at 37jC for 6 hours. The cells were then fixed with 3% glutaraldehyde for 30 minutes and stained with Giemsa stain/PBS at a ratio of 1:9 (Lab Chem, Pittsburgh, PA). Statistical analyses were done by one-way ANOVA with a Bonferroni correction.
VEGF ELISA. Cells (1 Â 10
6
) were plated in a 60 mm tissue culture plate and allowed to attach overnight. The cells were then washed and incubated in serum-free, phenol red-free DMEM/F12 with 10 nmol/L rapamycin, 50 Amol/L LY294002, 50 Amol/L PD98059, or solvent control for 48 hours. Cells treated with LY294002 (Calbiochem) were treated twice at 24-hour intervals. The conditioned medium was collected and ELISA assays were done with the VEGF Quantikine ELISA kit (R&D Systems).
Northern blot analysis. Cells (1.5 Â 10 6 ) were plated in a 100 mm tissue culture dish. Cells were incubated for 48 hours in serum-free medium. RNA was isolated using TRIzol reagent (Invitrogen). Northern blot analysis (35) was conducted using radiolabeled probes for VEGF 165 or glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Densitometric quantification of the VEGF autoradiograms was measured with the AlphaImager 2000 v4.0 (Alpha Innotech Corporation, San Leandro, CA).
VEGF protein stability assay. Cells (2 Â 10
5
) were plated in six-well tissue culture plates. Cells were washed the next day and 2.5 mL of serumfree, phenol red-free DMEM/F12 was added to each well. Twenty-four hours later, cells were treated with 50 Ag/mL cycloheximide or solvent (DMSO) and treated again with cycloheximide at 48 hours. The conditioned medium was then centrifuged and the VEGF ELISA was done as described above.
Determination of VEGF protein synthesis with ELISA. Cells (5 Â 10 5 ) were plated in 60 mm dishes and incubated overnight. Cells were then washed, incubated for 4 hours in serum-free DMEM without methionine (Sigma-Aldrich), and labeled for 48 hours with 500 ACi/mL [ 35 S]methionine in serum-free methionine-free medium. After incubation, the conditioned medium was collected and incubated on a high-binding 96-well plate (Corning Costar) coated with of antihuman VEGF capture antibody (AF-293-NA; R&D Systems; 0.8 Ag/mL; 100 AL/well) for 2 hours at room temperature. The 96-well plates were blocked with blocking buffer (1% BSA, 5% sucrose, and 0.05% NaN 3 ) before the samples were added. Following incubation, the wells were washed thrice with PBS and 200 AL of scintillation buffer (MicroScint-PS; Perkin-Elmer, Boston, MA) was added to each well. The b cpm values were measured using the Perkin-Elmer TopCount NXT (Perkin-Elmer).
Determination of VEGF protein synthesis with SDS-PAGE. Cells (5 Â 10 5 ) were plated in 60 mm dishes and incubated overnight. Cells were then washed and incubated in serum-free DMEM without methionine for 4 hours and then labeled for 4 hours with 30 AL of 500 ACi/mL [ 35 S]methionine in 1 mL of serum-free DMEM without methionine. Cell medium and cell lysates were collected. The medium was immunoprecipitated with 1 Ag of rabbit VEGF antibody (Upstate Cell Signaling Solutions, Lake Placid, NY), and the cell lysates were immunoprecipitated with 2 Ag of VEGF antibody (Upstate Cell Signaling Solutions) overnight at 4jC. Protein G agarose beads (Roche Diagnostics, Indianapolis, IN) were added to each tube for 2 hours at 4jC. The immunoprecipitates from the medium and lysates were then combined and subjected to SDS-PAGE. Part of the gel was stained with Coomassie blue to assess protein loading amounts, and part was exposed to film.
Human tumor samples. Tumor samples were collected from 155 women with primary breast carcinoma who were diagnosed, treated with surgery, and subsequently treated with cyclophosphamide, methotrexate, and 5-flurouracil at The Cancer Hospital, FuDan University (Shanghai, China), from 1988 to 1991 (36) . Immunohistochemistry was done as described for xenograft samples (36) . Phospho-mTOR-S2448 was detected with antibody from Cell Signaling Technology and ErbB2 was detected with the DAKO HercepTest (DAKO, Carpinteria, CA) and scored as described for the xenografts. VEGF was quantitated with a SAMBA 4000 image analyzer (Samba Technologies, Melan, France; ref. 14). Statistical significance was calculated with Fisher's exact test. Disease-free survival was determined by the Kaplan-Meier method and metastatic frequency was determined by Fisher's exact test.
Results
ErbB2 enhances metastasis and angiogenesis. To assess the involvement of ErbB2 kinase activity in ErbB2-mediated metastasis and angiogenesis, we used the MDA-MB-435 (435) metastatic human breast cancer cells (29) stably transfected with expression vectors of wild-type ErbB2 (eB1), constitutively active ErbB2 kinase (V659E), kinase-dead ErbB2 (K753M), or vector control (30, 32) .
ErbB2 tyrosine phosphorylation levels (indicating ErbB2 kinase activity) were elevated in the eB1 and the V659E transfectants, whereas it was barely detectable in the K753M and the parental 435 cell lines (Fig. 1A) . Because the ErbB2 protein levels in these transfectants are similar (30, 32) as shown by Western blot (Fig. 1A) , and by fluorescence-activated cell sorting analysis for membrane ErbB2 (data not shown), differences in biological activities between these transfectants will unlikely be due to ErbB2 protein levels, but rather to ErbB2 kinase activities. To assess the role of ErbB2 kinase activity in metastasis in vivo, we did a spontaneous metastasis assay by injecting the panel of erbB2 transfectants into the mammary fat pad of SCID mice. The incidence of breast cancer metastasis to the lungs was 80% after injection of V659E transfectants and was significantly higher (P = 0.01) than the incidence of metastases in the neo control (23%; Fig. 1B ). The mice injected with eB1 transfectants had a 47% incidence of metastasis, whereas the K753M kinase-dead ErbB2 transfectants had a metastatic incidence of only 27%, and were not significantly different from the neo controls (Fig. 1B) , indicating that ErbB2 kinase activity is responsible for ErbB2-mediated metastasis.
To determine whether ErbB2-mediated angiogenesis contributed to the ErbB2-mediated metastasis, we stained the mammary fat pad tumor xenografts with antibodies against CD31, a marker of blood vessels. The V659E xenografts had a significant increase in microvessel density when compared with K753M xenografts or the control xenografts (P < 0.001; Fig. 1C ), indicating a connection between ErbB2-induced angiogenesis and metastasis in vivo. Western blotting on total cell lysates from MDA-MB-435 and ErbB2 transfectants with anti-ErbB2 and anti-phosphotyrosine antibodies. h-actin serves as a protein loading marker. B, ErbB2 activation promotes metastasis in a spontaneous metastasis mouse model. Cells (1 Â 10 6 ) were injected into the mammary fat pad of SCID mice, 15 mice per group. Lung metastases were examined at the end of the assay and the results were analyzed with Fisher's exact test. A P value <0.05, between mice injected with V659E and neo transfectants, was considered statistically significant. C, ErbB2 activation increases angiogenesis in the spontaneous metastasis mouse model. Tumor microvessel density (MVD ) was determined in the 435, V659E, and K753M xenografts using anti-CD31 antibody. Three tumor sections were analyzed per mouse. The three most vascular sections per slide, observed under Â200 magnification, were selected for analysis in an area of 1.95 mm 2 . CD31 + structures were counted. Branching structures were counted as single vessels. Microvessel density was expressed as the average of number of microvessels per square millimeter. Columns, average value; bars, SD. P < 0.001, one-way ANOVA. D, ErbB2 activation promotes HUVEC cell migration. Serum-free conditioned medium was collected from the ErbB2 transfectants and used as a chemoattractant for HUVECs in Corning Costar Transwells for 6 hours. HUVECs were fixed, stained, and migrated cells were counted in six fields under Â200 magnification and averaged per well for three wells. *, P < 0.05; **, P < 0.01, one way ANOVA. Negative control (no conditioned medium) was serum-free DMEM/F12 medium. E, ErbB2 increases VEGF production. Serum-free conditioned medium from neo, V659E, and K753M transfectants were examined for VEGF production by ELISA. **, P < 0.01; ***, P < 0.001, one way ANOVA.
We next investigated whether ErbB2 kinase activity regulates angiogenic properties in vitro, which could contribute to the angiogenic activity in vivo. We compared the effects of conditioned medium from the panel of ErbB2 transfectants on endothelial cell migration. We found significant increases in endothelial cell migration (P < 0.01) when HUVECs were stimulated with conditioned medium from the V659E transfectants compared with that from the K753M transfectants (Fig. 1D) . These data suggest that the conditioned medium from the V659E transfectants contained angiogenic factors that induced endothelial cell migration, which may contribute to increased angiogenesis in vivo.
Because angiogenesis is an imbalance between proangiogenic and antiangiogenic factors (9), we next asked whether VEGF, the key activator of angiogenesis, can be up-regulated by ErbB2 and may be responsible for the increased angiogenesis in vivo and in vitro. We compared VEGF levels in conditioned medium from V659E, K753M, and the control cell line by ELISA. The V659E cells secreted significantly more VEGF than the control (P < 0.01) or K753M cells (P < 0.001; Fig. 1E ), indicating that activation of ErbB2 kinase may have led to increased angiogenesis, at least partly, by up-regulating VEGF.
ErbB2 up-regulates VEGF at the protein synthesis level. Because ErbB2 kinase is involved in the up-regulation of VEGF, we next asked by what mechanism ErbB2 up-regulates VEGF. We examined whether ErbB2 up-regulates VEGF mRNA by measuring the steady-state level of VEGF mRNA in the ErbB2 transfectants and control cells because ErbB2 gene-transfected NIH3T3 mouse fibroblast cells up-regulated VEGF mRNA compared with untransfected NIH3T3 cells (37) . We were surprised to find that no significant differences in the steady-state VEGF mRNA levels were detected among these human breast cancer cells expressing different levels of ErbB2 ( Fig. 2A) , suggesting that ErbB2 upregulation of VEGF in these cells was not primarily at the mRNA level but at the protein level. Because there was no previous report on how ErbB2 up-regulates VEGF at the protein level, we investigated whether ErbB2 reduces VEGF protein degradation or increases VEGF protein translation. We first compared the VEGF protein stability in the V659E transfectants with that in the parental control. We treated the cells with cycloheximide to inhibit new protein synthesis and determined the VEGF levels in the serum-free conditioned medium at various time points for up to 72 hours. As expected, without cycloheximide inhibiting new VEGF synthesis, the level of secreted VEGF was dramatically higher in the V659E transfectants compared with the control cells. However, with cycloheximide inhibiting new VEGF synthesis, there was no significant difference in VEGF protein levels over time, regardless of the ErbB2 status of the cells (Fig. 2B) . Therefore, the difference in VEGF protein levels between the V659E transfectants and the control cells was not due to differences in VEGF protein stability (Fig. 1E) . We next investigated whether ErbB2 regulates VEGF protein translation. We labeled newly synthesized proteins in the control, V659E, and K753M cells with [ 35 S]methionine and then detected newly synthesized VEGF in serum-free conditioned medium using radiolabeled VEGF ELISA or Figure 2 . ErbB2 up-regulates VEGF by increasing VEGF protein synthesis. A, similar RNA levels among MDA-MB-435, neo, and ErbB2 transfectants. RNA was collected from cells that had been incubated in serum-free, phenol red-free medium for 48 hours and Northern blot was done with a VEGF 165 probe. Quantification was done by adding the values of both VEGF mRNA bands and normalizing them to GAPDH. The neo control line was arbitrarily defined as 1.0. B, VEGF is stable in ErbB2-low and ErbB2-active cells. Cells were grown in serum-free, phenol red-free medium and treated with 50 Ag/mL cycloheximide (CHX ) at 24 and 48 hours. Conditioned medium was collected and assayed for VEGF using ELISA. C, ErbB2 promotes VEGF protein synthesis. Cells were incubated in methionine-free medium for 4 hours, followed by incubation for 48 by immunoprecipitation of VEGF from lysates and conditioned medium followed by autoradiography of 35 S-labeled VEGF in an SDS-PAGE gel. The V659E cell line had more newly synthesized VEGF than the parental, vector, and K753M cells (Fig. 2C and D) , implicating a role for ErbB2 in up-regulating VEGF protein synthesis.
ErbB2-mediated up-regulation of VEGF involves activation of mTOR and p70S6K signaling. To uncover the molecular mechanisms for increased VEGF translation by ErbB2, we focused on signaling events that converge on p70S6K, a known stimulator of protein synthesis. First, we asked whether ErbB2 overexpression could lead to increased p70S6K-T389 phosphorylation (p70S6K-T389-P), which indicates p70S6K activity (25) . Western blot with antibody for T389 phosphorylated p70S6K showed that V659E transfectants possessed increased p70S6K-T389-P compared with control and K753M transfectants (Fig. 3A) . Conversely, p70S6K-T389-P was reduced when ErbB2 was inhibited by RNA interference in the BT474 breast cancer cell line that overexpresses endogenous ErbB2 (data not shown). Together, these data indicated that overexpression of activated ErbB2 leads to increased p70S6K-T389-P, an indication of increased mTOR activity (25, 26) .
To investigate whether ErbB2 regulates VEGF through p70S6K-T389-P, we inhibited the p70S6K upstream kinase mTOR with a specific inhibitor, rapamycin. Rapamycin effectively reduced p70S6K-T389-P but did not notably inhibit phosphorylations of Akt, tuberin, and ERK ( Fig. 3B ; data not shown). Rapamycin also significantly reduced VEGF levels in the conditioned medium from all three cell lines under serum-free conditions (Fig. 3E) . Thus, ErbB2-mediated activation of mTOR and p70S6K contributes to VEGF up-regulation in these human breast cancer cells.
Both Akt and ERK are up-regulated by ErbB2 (38) and both are known upstream stimulators of mTOR/p70S6K (20, 21, 23, 24) . Akt activates p70S6K by inhibiting tuberin through phosphorylation on T1462 that allows mTOR activation (see Fig. 6 ; ref. 21) . ERK is known to activate mTOR through inhibition of tuberin in embryonic kidney cells (39) and induce p70S6K activation (23) . Therefore, we examined whether Akt and ERK may contribute to ErbB2-mediated activation of p70S6K by comparing between the low ErbB2-expressing MDA-MB-435, the kinase-active ErbB2 (V659E), and the kinase-dead ErbB2 (K753M) transfectants for the activating phosphorylations on Akt-S473, ERK-T202/Y204, and . DMSO (DM) was administered as vehicle control. Conditioned medium from three independent tissue culture plates was assayed for each treatment group. One-way ANOVA was done to look for statistically significant differences. Within each cell type (435, V659E, and K753M), the inhibitor-treated cells were compared with the DMSO-treated control group using the Bonferroni method for multiple comparisons. **, P < 0.01, statistically significant.
inactivating phosphorylation on tuberin-T1462. As expected, Akt-S473, tuberin-T1462, and ERK-T202/Y204 were highly phosphorylated in V659E cells compared with both the parental breast cancer cells and the K753M transfectants (Fig. 3B, C, and D) . Interestingly, rapamycin-treated V659E cells showed increased Akt-S473 phosphorylation, which was not seen in the parental or K753M cells, suggesting feedback inhibition of Akt from mTOR/p70S6K in V659E cells (Fig. 3B; data not shown) . This may partially be responsible for the less effective VEGF inhibition by rapamycin in V659E cells (35% inhibition in V659E compared with f50% inhibition in 435 and K753M; Fig. 3E ). Activated Akt in V659E cells may allow VEGF translation activity through downstream signaling events other than p70S6K (40) . This ErbB2-dependent feedback loop is consistent the findings in a recent report that showed a PI3K-dependent increase in AKT activation following rapamycin treatment of lung cancer cell lines (41) .
To further explore p70S6K regulation by PI3K/Akt in V659E cells versus that in the parental cells and kinase-dead K753M transfectants, cells were treated with 50 nmol/L wortmannin to inhibit PI3K. Wortmannin dramatically inhibited Akt-S473, p70S6K-T389, and tuberin-T1462 phosphorylations in V659E cells almost to the basal levels of the untreated parental and K753M cells (Fig. 3C) . Wortmannin also inhibited p70S6K-T389-P in the parental or kinase-dead cells but the magnitude of the decrease was less than in the kinase-active cells (Fig. 3C) . However, surprisingly, the PI3K inhibitor LY294002 did not inhibit VEGF production in V659E cells (Fig. 3E ) despite effective inhibition of Akt and p70S6K phosphorylation (data not shown) and effective inhibition of VEGF production in the 435 and K753M cells (Fig. 3E) . Thus, ErbB2-activated cells must have an additional PI3K/Akt-independent means of up-regulating VEGF production and pathways other than PI3K/Akt may play a substantial role in regulating VEGF production in ErbB2-activated breast cancer cells.
We next examined the role of ERK in p70S6K activation in these breast cancer cells by treating cells with 50 Amol/L PD98059 to inhibit MAP/ERK kinase (MEK), the activating kinase for ERK (42) . In parental cells and ErbB2 kinase-dead cells (K753M), MEK inhibition abolished ERK-T202/Y204 phosphorylation that corresponded to inhibition of p70S6K-T389-P (Fig. 3D) . In V659E cells, 50 Amol/L PD98059 reduced ERK-T202/Y204 phosphorylation but did not abolish ERK-T202/Y204 phosphorylation as in the 435 parental and K753M kinase-dead cells. To our surprise, compared with untreated V659E cells, PD98059-treated V659E cells had an increased p70S6K-T389-P, which paralleled with increased phosphorylations on Akt-S473 and tuberin-T1462 (Fig. 3D) . Similar up-regulation in phosphorylation was also observed with a dominant negative mutant of ERK (data not shown). This suggests a possible negative regulation of Akt/ tuberin/p70S6K by the highly activated ERK pathway in V659E cells (Figs. 3D and 6 ). Interestingly, ERK inhibition by PD98059 was able to reduce VEGF production in all three cell lines (Fig. 3E) , indicating that ERK also contributes to VEGF production independent of Akt/mTOR/p70S6K, particularly in the V659E cell line (Fig. 3E) . Taken together, the data indicate that ERK, Akt, and mTOR/p70S6K act as downstream mediators of ErbB2 and play major, albeit complex, roles in the regulation of VEGF production.
Activation of Akt/mTOR/p70S6K protein synthesis pathway correlates with ErbB2 overexpression and VEGF up-regulation in vivo. We next examined the mouse mammary fat pad tumor xenografts from the spontaneous metastasis assay (Fig. 1B and C) to validate the in vitro findings in vivo and investigate the role of the Akt/mTOR/p70S6K signaling pathway in regulating VEGF in vivo. Xenografts were stained with antibodies against ErbB2, phosphorylated Akt-S473, phosphorylated p70S6K-T389, and VEGF. Compared with the xenografts from mice injected with the ErbB2 low-expressing MDA-MB-435 cells, the V659E xenografts had strong ErbB2 staining, as expected, and also had significantly higher levels of phosphorylated Akt-S473 (P < 0.05), phosphorylated p70S6K-T389 (P < 0.001), and increased VEGF (P < 0.05; Fig. 4A and B), which correlated with their increased angiogenesis (Fig. 1C) . The above data confirms the importance of PI3K/Akt and mTOR/ p70S6K signaling in ErbB2-mediated VEGF up-regulation and angiogenesis in vivo.
The most critical question is whether Akt/mTOR/p70S6K signaling is important for VEGF up-regulation in ErbB2-overexpressing breast tumors from patients. To address this clinically important issue, we immunohistochemically detected phosphorylated p70S6K-T389 in 155 primary breast tumor samples that had also been stained for ErbB2, phosphorylated Akt-S473, phosphorylated mTOR-S2448 (a PI3K/Akt phosphorylation site), and VEGF. Out of the 155 breast tumors, 46% had ''strong'' p70S6K-T389-P staining (ranked as 2 on a 0-2 scale; data not shown). ErbB2 overexpression was previously correlated with VEGF expression in these breast cancers (14) and phosphorylated Akt and phosphorylated mTOR correlated with p70S6K-T389-P (36). Here, we further investigated whether ErbB2 overexpression correlated with p70S6K activation that contributes to increased VEGF in human breast cancers. Indeed, we found that ErbB2 overexpression significantly correlated with p70S6K-T389-P (P < 0.01; Fig. 5A and B) and p70S6K-T389-P correlated with increased VEGF (P < 0.05). Additionally, Akt-S473-P and mTOR-S2448-P significantly correlated with VEGF expression in these same human breast tumor samples (P < 0.05 and P < 0.01, respectively; Fig. 5A ). Notably, we detected a trend for reduced disease-free survival in these patients whose tumors had high p70S6K-T389-P levels, although it did not reach statistical significance ( Fig. 5C ; P = 0.06). However, combination of ErbB2 overexpression and high p70S6K-T389-P levels in patients' tumors is significantly associated with reduced disease-free survival of patients compared with those whose tumors had low levels of both ErbB2 and p70S6K-T389-P (P < 0.01; Fig. 5D ). Because most patients who die from breast cancer die from metastases, we compared the patients' incidence of metastases with their tumor p70S6K-T389-P levels. We found that patients whose tumors had high levels of p70S6K-T389-P were more likely to develop metastases (P < 0.05; Fig. 5E ), indicating that p70S6K-T389-P may predict patient's metastatic incidence. Together, our data clearly showed the importance of the mTOR/ p70S6K protein translation signals in ErbB2-mediated VEGF up-regulation and metastasis in these breast cancer patients.
Discussion
Here, we report data from cultured human breast cancer cell lines, a mouse spontaneous metastasis model, and tumors from breast cancer patients that show enhanced angiogenesis by the ErbB2 kinase through increased protein translation of VEGF that is mainly due to activation of mTOR/p70S6K. To study ErbB2 downstream signaling pathways that contribute to ErbB2-mediated up-regulation of VEGF, we have generated a panel of isogenic stable ErbB2 transfectants in the MDA-MB-435 human breast cancer cell line that expresses ErbB2 at levels similar to or lower than that in ErbB2-overexpressing breast tumors from patients ( Fig. 1A; ref. 5) . Thus, differences in signaling and biological properties can be mostly attributed to differences in ErbB2 kinase activity and findings should be relevant to breast cancer patients. Indeed, when these ErbB2 transfectants were injected into the mammary fat pad of SCID mice, the tumor biology mimics the cancer biology observed in tumors of breast cancer patients. The V659E transfectant expressing the kinase constitutively active ErbB2 mutant had a similar trend in promoting angiogenesis and metastasis as the eB1 transfectant expressing the wild-type ErbB2. Because the V659E transfectant had more marked biological effects that provided a bigger window for monitoring the downstream signaling events, we used the V659E transfectant in most of our experiments. Our data from these experimental systems provided tangible links in the biological phenotypes between in vitro tissue culture of the ErbB2 transfectants of breast cancer cells, to the mouse mammary fat pad xenograft model, and finally to ErbB2 overexpressing human breast tumors.
ErbB2 has been linked to the transcriptional up-regulation of VEGF in mouse NIH3T3 fibroblast cells that overexpress ErbB2 (37) and in human breast cancer cells treated with heregulin (13); thus, we were surprised to discover that ErbB2 overexpression and activation per se did not alter the mRNA levels of VEGF compared with ErbB2-low-expressing parental cells or the kinase-dead transfectants under serum-free conditions. Instead, ErbB2 increased the protein translation of VEGF. This is the first report that ErbB2 upregulates VEGF at the protein translation level. We have found that the ErbB2-overexpressing cells with increased VEGF translation had an elevated inhibitory phosphorylation on T1462 of tuberin, consistent with a previous report that VEGF protein translation is up-regulated in tuberous sclerosis complex-2 (tuberin) null mouse embryo fibroblasts (43) . The elevated inhibitory phosphorylation on tuburin-T1462 provides a link between ErbB2-mediated PI3K/Akt Figure 4 . Significantly stronger Akt-S473-P, p70S6K-T389-P, and VEGF levels in ErbB2-activated V659E xenografts than in ErbB2 low-expressing xenografts (MDA-MB-435). A, xenografts of V659E cells had strong membrane staining of ErbB2 and more intense staining of phosphorylated p70S6K-T389, phosphorylated Akt-S473, and VEGF than the parental 435 cell line. Representative results of staining with indicated antibodies. B, immunostaining and statistical analysis of phosphorylated Akt and p70S6K, and VEGF levels between the MDA-MB-435 and V659E xenografts. Analysis of immunohistochemistry was graded on a 0 to 2 intensity scale: membrane ErbB2 (0, negative: no staining or faint incomplete membrane staining; 1, weak positive: weak to moderate complete membrane staining in 10% of tumor cells; 2, strong positive: complete and strong membrane staining in more that 10% of tumor cells.) Phospho-p70S6K-T389 (0, <10% of cells with weak staining; 1, tumors with >10% cells having weak staining or <20% cells with strong staining; 2, tumors with >20% of cells with strong staining). Akt-S473-P and VEGF (0, no staining; 1, weak staining or strong staining is <50% of cells; 2, strong staining in >50% of cells). Statistical analyses were done with Mann-Whitney tests, and P < 0.05 was considered statistically significant. activation (indicated by S473 phosphorylation) and mTOR/p70S6K activation (indicated by p70S6K-T389 phosphorylation) that contributes to increased VEGF translation. The strong correlation between ErbB2 overexpression and p70S6K-T389 phosphorylation in patient samples support the notion that ErbB2 can exert its oncogenic function through up-regulation of protein translation.
Our data indicated that ErbB2 low-expressing MDA-MB-435 parental cells and kinase-dead ErbB2 transfectants depended on both ERK and PI3K/Akt to activate mTOR and p70S6K to promote VEGF translation (Fig. 6, left) . Both pathways are more highly activated in ErbB2-overexpressing V659E cells than in the parental cells and up-regulation of VEGF translation through mTOR Figure 5 . ErbB2 overexpression correlates with p70S6K-T389 phosphorylation levels, and higher p70S6K-T389-P levels in patients' tumors correlate with decreased disease-free survival and increased metastasis. A, 155 human breast tumor samples were collected from FuDan University in Shanghai, China. Tumor samples were stained with antibodies to ErbB2, p70S6K-T389-P, Akt-S473-P, mTOR-S2448-P, and VEGF. The staining results were graded and scored as in Fig 4. ErbB2 was detected with the DAKO Hercep Test and scored similarly to the xenografts. VEGF was quantitated with a SAMBA 4000 image analyzer. VEGF expression was analyzed in nine random fields and a numerical value was given based on the percentage of immunostained surfaces and the mean absorbance, which measured the staining intensity. P < 0.05, as calculated with Fisher's exact test, was considered statistically significant. B, immunohistochemistry representing the correlation of ErbB2 overexpression with high p70S6K-T389-P levels in patient tumors. C, the Kaplan-Meier method was used to determine differences in disease-free survival between patients whose tumors expressed low levels of phosphorylated p70S6K-T389 (0, low level; 1, intermediate level) compared with patients whose tumors expressed high levels of phosphorylated p70S6K (2, high level). E/N, event (disease recurrence)/number of total subjects. D, the Kaplan-Meier method was used to determine whether ErbB2 overexpression combined with high p70S6K-T389-P levels could predict patient disease-free survival after surgery. Patients with both high levels of ErbB2 and p70S6K (line 4) had highly significantly reduced survival compared with patients with both low levels of ErbB2 and p70S6K-T389-P (line 1; P < 0.01). High ErbB2 levels alone (line 3) also predicted worse survival than low levels of both ErbB2 and p70S6K-T389-P (P < 0.05). P values were calculated with Fisher's exact test. E, high levels of p70S6K-T389 phosphorylation in patient tumors correlated with increased incidence of metastasis. Fisher's exact test was used to determine if there was a correlation between p70S6K-T389 levels and the incidence of metastasis after surgery in these 155 patients. P < 0.05 was considered statistically significant. and p70S6K in V659E cells may to come from the superactivations of both pathways (Fig. 6, right) . The data also suggest a novel pathway that regulates VEGF translation, independent of mTOR/ p70S6K in the erbB2-overepressing V659E cells. ERK can stimulate rp-S6 phosphorylation independently of p70S6K (44) and therefore may be a major mediator of VEGF translation in these cells as well. Clearly, the role of these p70S6K-independent pathways in VEGF regulation in the erbB2-activated breast cancer cells is an important area for future investigation.
Previously, it had been suggested that there may be a negative regulatory loop of Akt activity (41, 45, 46) . Recently, Akt has been discovered to be phosphorylated on S473 by the mTOR/rictor complex (47) . Now, we found that inhibition of mTOR/p70S6K by rapamycin resulted in an increased Akt-S473 phosphorylation in V659E cells but not in the parental cells ( Fig. 3C; data not shown) . This suggested that a feedback inhibition of the highly activated Akt from mTOR/p70S6K functions primarily in the V659E cells (Fig. 6, right) . Furthermore, ERK inhibition in V659E cells by PD98059 increased p70S6K-T389-P compared with untreated V659E cells, which paralleled with increased phosphorylations on Akt-S473 and tuberin-T1462 (Fig. 3D) . This suggested a possible negative regulation of Akt-mTOR/p70S6K by the highly activated ERK pathway in V659E cells (Figs. 3D and 6, right) . This negative regulation of Akt-mTOR/p70S6K by the highly activated ERK has never been reported previously and was not seen in the parental or kinase-dead ErbB2 cells, suggesting that it may come from ErbB2-related signals, or specifically, the superactivated ERK resulting from constitutively activated ErbB2.
The complexity of the signaling involved in ErbB2-mediated VEGF translation is manifested by the findings that in ErbB2-overexpressing cells, rapamycin, LY294002, and PD98059 did not reduce VEGF levels in conditioned medium to a level similar to that seen in low ErbB2 expression or kinase-dead ErbB2 (Fig. 3E ). This indicated that there are other as yet undefined ErbB2-mediated activating signals for VEGF protein synthesis. Future studies are required to reveal these other signaling pathways.
Blocking protein synthesis is a strategy currently under intensive clinical investigation for cancer treatment. CCI-779, RAD001, and AP23573, rapamycin analogues, are all at various stages of clinical trials (48) . The phase II studies on CCI-779 in breast and renal cancers have recently been completed and is expected to proceed to phase III clinical trials (48) . The antiangiogenic properties of mTOR inhibitors have also been shown in endothelial cells (49) . Our data showed that rapamycin has antiangiogenic effects in breast cancer cells in vitro as a consequence of inhibiting the ability of ErbB2 to up-regulate VEGF protein translation. This further supports the notion that targeting ErbB2-mediated VEGF protein synthesis by inhibiting the Akt/mTOR/p70S6K pathway may have potential for inhibiting angiogenesis. On the other hand, our studies show that inhibiting mTOR with rapamycin in our breast cancer cell lines overexpressing ErbB2 results in increased Akt phosphorylation, which may affect other components of the Aktrelated signaling networks. Thus, the use of rapamycin analogues needs to be more carefully evaluated. Future studies along this line will help to develop tailored cancer therapies specifically targeting deregulated signaling networks from ErbB2 activation in breast cancer cells. Figure 6 . Signaling networks leading to VEGF translation in ErbB2 low-versus high-expressing breast cancer cells. Left, in the ErbB2 low-expressing MDA-MB-435 breast cancer cells, the activation of mTOR/p70S6K contributes to VEGF protein expression and inhibition of mTOR/p70S6K with rapamycin-decreased p70S6K-T389 and VEGF secretion. Right, in the ErbB2 kinase-active V659E cells, both PI3K/Akt and MEK/ERK signaling pathways were more highly activated than in the MDA-MB-435 cells and can contribute to the activation of mTOR/p70S6K. Inhibition of mTOR/p70S6K with rapamycin in V659E cells decreased p70S6K-T389-P and partially inhibited VEGF protein secretion. When mTOR/p70S6K was inhibited by rapamycin, Akt phosphorylation levels increased, suggesting a feedback inhibition of Akt from mTOR/p70S6K. Inhibition of PI3K with wortmannin effectively decreased Akt-S473-P, tuberin-T1462-P, and p70S6K-T389-P, whereas inhibition of MEK/ERK by PD98059 led to increased p70S6K-T389-P, tuberin-T1462-P, and Akt-S473-P. These data indicated that the highly activated ERK may inhibit Akt/mTOR/p70S6K.
